The biological control bacterium Pseudomonas chlororaphis (aureofaciens) strain 30-84 employs two quorum sensing (QS) systems: PhzR/PhzI regulates the production of the antibiotics phenazine-1-carboxylic acid, 2-hydroxyphenazine-1-carboxylic acid, and 2-hydroxy-phenazine, whereas CsaR/CsaI regulates currently unknown aspects of the cell surface. Previously characterized derivatives of strain 30-84 with mutations in each QS system and in the phenazine biosynthetic genes were screened for their ability to form surface-attached biofilm populations in vitro, using microtiter plate and flow cell biofilm assays, and on seeds and roots. Results from in vitro, seed, and root studies demonstrated that the PhzR/PhzI and the CsaR/CsaI QS regulatory systems contribute to the establishment of biofilms, with mutations in PhzR/PhzI having a significantly greater effect than mutations in CsaR/CsaI. Interestingly, phenazine antibiotic production was necessary for biofilm formation to the same extent as the PhzR/PhzI QS system, suggesting the loss of phenazines was responsible for the majority of the biofilm defect in these mutants. In vitro analysis indicated that genetic complementation or AHL addition to the growth medium restored the ability of the AHL synthase phzI mutant to form biofilms. However, only phenazine addition or genetic complementation of the phenazine biosynthetic mutation in trans restored biofilm formation by mutants defective in the transcriptional activator phzR or the phzB structural mutant. QS and phenazine production were also involved in the establishment of surface-attached populations on wheat seeds and plant roots, and, as observed in vitro, the addition of AHL extracts restored the ability of phzI mutants, but not phzR mutants, to form surface attached populations on seeds. Similarly, the presence of the wild type in mixtures with the mutants restored the ability of the mutants to colonize wheat roots, demonstrating that AHL and/or phenazine production by the wild-type population could complement the AHL-and phenazine-deficient mutants in situ. Together, these data demonstrate that both QS systems are involved in the formation of surface-attached populations required for biofilm formation by P. chlororaphis strain 30-84, and indicate a new role for phenazine antibiotics in rhizosphere community development beyond inhibition of other plant-associated microorganisms.
Introduction
Bacteria in nature typically exist as members of structurally complex, surface-attached communities known as biofilms. On plants, bacteria may form aggregate communities on leaves, roots, and other plant surfaces, and within intercellular spaces of plant tissues (reviewed in [25, 34] ). Biofilm formation is hypothesized to facilitate the development of a microniche that protects bacteria against various physical and chemical stresses. Genetic analyses of medically important microbes have identified a diversity of genes involved in biofilm formation and demonstrated that the gene expression patterns by bacteria within biofilms differ substantially from their expression patterns within planktonic cultures (reviewed in [4, 20] ). Laboratory biofilm studies indicate that the genetic factors and pathways involved in biofilm formation vary depending on the bacterial species and the growth conditions. However, little is known about the relative importance of these factors and pathways in biofilm development outside the laboratory, and whether factors implicated in biofilm development by clinical species are also important for biofilm formation by plant-associated microbes. Of particular interest is the potential role intercellular signaling pathways may play in coordinating gene expression among biofilm constituents, and the identification of specific genes under signaling control that function in the development of bacterial biofilms on plants.
Quorum sensing (QS) is a prevalent mechanism of intercellular signaling among bacteria that has received significant attention in the study of biofilms. Both Gramnegative and Gram-positive bacteria utilize small molecular weight QS signals to regulate the transcription of target genes based on the amount of signal present (reviewed in [24] ). This type of communication is referred to as Bquorum sensing^because signal availability is related to the density or Bquorum^of signal producers present. In Gram-negative bacteria, the best-studied examples of QS utilize N-acyl-homoserine lactone signals (AHLs) (reviewed in [12, 24, 42, 45] ). In the opportunistic human pathogen P. aeruginosa, 6-10% of the genome is estimated to be under QS regulation [38, 43] . Among plant-associated bacteria, AHL-mediated QS regulation is an integral component of many aspects of bacterial interactions with plants, both pathogenic and beneficial (reviewed in [34, 42, 45] ). Previous studies using various biosensors that allow detection of AHL derivatives and their antagonists demonstrated that (1) bacterial populations inhabiting rhizosphere and plant surfaces produce a mixture of diverse AHL signals, (2) plant associated bacteria are capable of responding to signals produced by different bacterial species, and (3) this type of microbe-microbe communication occurs in situ on plants [6, 23, 32] . The production of diffusible AHL signals also plays a role in microbe-plant communication (reviewed in [3] ).
QS influences various aspects of biofilm development and maturation [2, 10, 26, 29, 35, 48] . In laboratory studies, specific QS-regulated factors shown to play critical roles in surface attachment, aggregation, and dispersal include structural components of flagella, type IV pili, polysaccharide biosynthesis, protease (reviewed in [18, 41] ), and rhamnolipids [9] . Several of these factors were also differentially expressed in response to attachment of the plant saprophyte P. putida to plant surfaces [37] . However, as QS is a global regulatory system affecting the expression of multiple genes, the exact nature of the role of QS in biofilm development is unclear [29] . Thus, specific factors under QS control need to be identified and their precise role in biofilm formation characterized.
QS regulation of phenazine production has been well characterized in the root-colonizing bacterium Pseudomonas chlororaphis (aureofaciens) strain 30-84 [30, 47] . This strain is capable of suppressing take-all disease of wheat caused by the ascomycete Gaeumannomyces graminis var. tritici [31] . The production of phenazine antibiotics by strain 30-84 is the primary mechanism responsible for fungal pathogen inhibition and persistence on wheat roots [22, 31] . The PhzR/PhzI QS system regulates phenazine production via phzR, which encodes a transcriptional regulator of the phenazine operon, and phzI, which encodes an AHL synthase that directs the synthesis of hexanoyl homoserine lactone (HHL) [30, 47] . A second QS regulatory system (CsaR/CsaI) in strain 30-84 has been identified [49] . Inactivation of this system had no effect on phenazine production, but did result in alterations in the bacterial cell surface.
In this study, we examine whether QS, in general, and more specifically phenazine biosynthesis, which is under QS control, are involved in biofilm development in laboratory assays and on plants. We used static microtiter plate assays and single-pass flow cell analyses to screen previously characterized mutant derivatives of strain 30-84 for their ability to form surface-attached populations. The microtiter plate assay is used extensively to quantify biofilm formation by measuring crystal violet dye retention by surface attached bacterial cells [14, 17, 21, 27, 28, 33, 44] . The flow cell apparatus also has been extensively employed to visualize the structure of bacterial biofilms microscopically [7, 16] . We also examine the role of QS and phenazines on the establishment of biofilm populations on seeds and roots.
Methods
Bacteria, Plasmids, and Media.
Bacterial strains and plasmids are described in Table 1 . A spontaneous rifampicin-resistant derivative of P. chlororaphis strain 30-84 was used in all studies, and all mutants were derived from this parental strain [31] . Triparental matings into strain 30-84 or its derivatives were performed as previously described [30] . Unless otherwise indicated, all media formulations are as previously described [49] . Strain 30-84 and its derivatives were grown at 28-C in Luria-Bertani medium (LB) containing 5 g NaCl per liter, King's B medium (KMB), M9 minimal media, AB minimal broth amended with 2% casamino acids (AB+CAA), skim milk (SM) water agar, or pigment production medium (PPM-D). Where applicable, antibiotics were used at the following concentrations (mg/mL) for Escherichia coli: ampicillin (100), gentamycin (25) , kanamycin (50), and tetracycline (25); for P. chlororaphis: gentamycin (50), kanamycin (50), rifampicin (100), and tetracycline (50).
Microtiter Plate Assay.
We screened wild-type strain 30-84 and mutant derivatives (Table 1) for their ability to form biofilms in polystyrene microtiter plates by using a modified version of the procedure described by Genavaux et al. [13] and O'Toole and Kolter [28] . Assays were initially conducted in 96-well microtiter plates for 48-84 h. For subsequent work (AHL and phenazine 290 addition experiments), we used 24-well plates for 32-38 h because differences were readily visible in the larger wells over a shorter time-span. For the 96-well assays, strains were grown on solid medium, inoculated into LB for 16 h, and resuspended in LB to a final cell density of OD 620 = 0.8. Each strain (1.2 mL) was inoculated into 120 mL AB + CAA in triplicate wells of 96-well polystyrene plates. Additional triplicate wells were not inoculated or inoculated with strain 30-84 as negative and positive controls, respectively. Plates were incubated at 28-C for 48-84 h without shaking and final cell densities determined (OD 620 ). Unattached cells were removed by inversion of the plate, followed by vigorous tapping on absorbent paper. The remaining adherent bacteria were fixed to the plates for 20 min at 50-C and then stained for 1 min with 150 mL/well of crystal violet (0.1%). Excess stain was removed by inversion of the plate followed by two washings (each 250 mL/well) with distilled water. Adherent cells were decolorized with a 20% acetone/80% ethanol solution (200 mL/well) for 5 min to release the dye into solution. A sample (100 mL) of each well was transferred to another 96-well plate and the amount of dye (proportional to the density of adherent cells) was quantified (OD 540 ). For the time-course experiment, multiple replicates of each treatment were simultaneously inoculated into multiple microtiter plates, with each plate containing triplicate wells of each test strain. Cell density and biofilm formation were determined at time zero and at 4-h intervals until 84 h after inoculation. All experiments were repeated at least once.
The 24-well plate assays were performed as described above, except that 10 mL of each culture was inoculated into 1 mL of AB + CAA in triplicate wells of 24-well polystyrene plates, and treated similarly except that proportionally larger volumes (1.25 mL/well of stain, wash, and decolorization solution) and shorter time intervals (32-38 h) were used. All experiments were repeated at least once.
For all AHL and phenazine addition assays, bacterial treatments were inoculated into fresh medium containing no addition (negative control), AHL, or phenazine, and no subsequent additions were made.
Flow Cell Assay.
Flow cell assays as described by Christensen et al. [7] and Heydorn et al. [16] with slight modifications were used to visually compare biofilm formation by strains 30-84, 30-84R (phzR), 30-84Z QS mutants were complemented by the introduction of specific alleles (Tables 1 and 2 ) in trans via triparental mating [30] . Respective strains containing pLAFR3 in trans were included as controls. Cell adherence was determined after 48 h by the retention of crystal violet in 96-well microtiter plates (OD 540 T standard error). Data for each treatment were standardized to the value for 30-84 (pLAFR3). Exoprotease activity was assessed by spotting 2-mL cell suspensions (OD 620 = 0.8) onto SM agar. The presence and the size (diameter) of the clear zones surrounding the colonies were determined after 48 h. Phenazine antibiotic production was determined qualitatively on PPM-D agar plates and quantified at OD 367 after extraction from cell-free supernatants as described previously [31] .
AHL Addition Assays.
AHL extracts containing either total AHLs (both the PhzI and CsaI AHLs) or the CsaI AHL alone were generated from cell-free supernatants of overnight cultures of strain 30-84Ice or E. coli DH5a (pUC18-csaI), respectively, as described previously [47] . Briefly, cell-free supernatants were extracted with an equal volume of ethyl acetate (acidified with 0.1 mL of glacial acetic acid per liter) for 2 h. The ethyl acetate phase was collected after centrifugation (3,000 Â g, 5 min), rotary evaporated, and subsequently dried under nitrogen gas. The AHL extracts were resuspended in either AB + CAA for the biofilm assay as described above or M9 for the seed adherence assay (described below). To determine the effect of AHL dosage on cell adherence, the dried extracts were resuspended in 0.5, 1.0, or 2.0 times the original volume of the culture from which they were extracted. A control lacking AHLs was prepared similarly by extracting Table 2 . Effect of specific mutations and specific genes in trans on phenazine production, exoprotease activity, and adhesion ability Phenazine production and exoprotease activity were determined qualitatively by the presence or absence of orange pigmentation indicative of phenazine production on PPM-D and a zone of clearing surrounding the colony on skim milk agar plates, respectively. Adhesion ability was determined after 48 h by the retention of crystal violet (OD 540 þ standard error). Data for each treatment were then standardized to the value for strain 30-84 (pLAFR3). Respective strains containing the cloning vector pLAFR3 in trans were included as a control. Data are the means of three replicates (T standard error) from one representative experiment. *The symbols + and _ denotes the presence/absence of phenazine production or exoprotease activity, respectively. The symbol T indicates that phenazine was detected, but at a significantly lower level than produced by the wild type. **Relative adhesion computed from retention of crystal violet (OD 540 ) standardized to the value for strain 30-84 (pLAFR3). ***Values with different superscript letters are significantly different.
csaI complementation via the introduction of the csaI/csaR region because we could not isolate the csaI gene. a culture of strain 30-84I/I2, a mutant unable to produce either the PhzI, or CsaI AHL, or phenazines, as described above. Purified PhzI AHL (HHL), synthesized as described previously [47] , was added to AB + CAA at concentrations of 1, 10, 50, or 100 mM.
Phenazine Complementation/Addition Assays.
Cosmids containing phzR, phzI and the phenazine biosynthetic region, the phenazine biosynthetic region alone, or phzR, phzI alone (Table 1) were introduced into strain 30-84Z by triparental mating [30] . Phenazine extracts were prepared from cell-free supernatants of strain 30-84 as previously described [31] . Dried phenazine extracts were resuspended in AB + CAA minimal media in 0.5 or 1.0 times the original volume of the culture from which they were extracted, to determine the effect of dosage on cell adherence. Purified phenazine (C 12 H 8 N 2 , Sigma Aldrich) consisting of the core phenazine ring structure but lacking carboxyl or hydroxyl substituents was added to AB + CAA at concentrations of 2.5, 12.5, or 25 mg/mL.
Seed and Root Adherence Assays.
Wheat seeds (cultivar Penawawa) were surface-disinfested and coated with various bacterial strains as previously described [47] . Briefly, bacterial strains were grown for 24 h, resuspended in M9 (OD 620 =0.5), diluted 1/50 in M9 or M9 containing AHLs extracted from 30-84Ice, and placed in sterile beakers containing eight seeds. After 96 h at room temperature, the seeds were washed three times (3 mL each) with sterile water to remove nonadhering bacteria. After the removal of water, the seeds were resuspended in PBS (2 mL) and bacteria were isolated by vortexing (10 s) and sonication (10 s) three times. Bacterial populations were determined by serial dilution plating on KMB agar plus rifampicin.
For root assays, wheat seeds were surface-disinfested and pregerminated on water agar for 3 days to ensure sterility before planting. Overnight bacterial cultures grown on LB agar were suspended in PBS and then normalized to OD 620 = 0.8. The seedlings were mixed with the bacterial cell suspensions for 10 min. Bacterial strains used for root bioassays included strain 30-84 and single and double QS mutants. Bacterial mixtures (wild type/mutant ratios of 1:1 or 1:9) composed of the wild type and mutant 30-84I/I2 (phzI/csaI), or 30-84R/R2 (phzR/csaR) were also tested. Initial ratios for each bacterial mixture were confirmed via serial dilution plating on LB agar with and without kanamycin. Inoculated seedlings were sown in 25 Â 200 mm glass tubes (1 seedling/tube) that contained 20 cm of planting medium (equal volumes of pasteurized natural soil, vermiculite, and sand) prewetted with 15 mL sterile 1/3 Hoaglands solution (macronutrients only) as previously described [48] . The tubes were arranged in a randomized design in a Convironi growth chamber (20/15-C, 75% relative humidity, 12-h light/dark cycle). Plants were harvested after 30 days and entire root systems were rigorously washed to remove nonadhering bacteria. Roots were blotted dry on filter paper, weighed, and cut into 1-cm sections. Bacteria from root sections were removed from the roots in 5 mL PBS by vortexing (10 s) and sonication (10 s) three times. Total bacterial populations were determined by serial dilution plating on KMB agar with rifampicin. For treatments involving strain mixtures, total populations were determined as described above and mutant populations were determined by also plating on KMB agar with rifampicin and kanamycin. The populations of strain 30-84 were calculated by subtracting the mutant population from the total population. Bacterial population data from both seed and root bioassay are reported as the means of three replicates and each experiment was repeated once.
Motility Assays.
These properties were determined qualitatively as described by Deziel et al. [11] . Bacterial cells grown overnight on LB agar served as inoculum for all motility experiments. (1) Swimming. Tryptone swim plates (1% tryptone, 0.5% NaCl, and 0.3% agarose were inoculated using toothpicks, incubated 16 h at 30-C, and flagellar motility assessed by the size of the circular zone. In all microtiter plate experiments, in order to control for variation in the retention of crystal violet between replicate plates, data were standardized to the value of the strain 30-84 control in each plate (e.g., values are expressed as biofilm formation relative to the untreated control). All microtiter, seed, and root experiments were statistically analyzed. Means were compared among treatments (pG0.05) by using analysis of variance (ANOVA) and protected least significant difference (LSD) multiple comparison tests (SAS Version 8.2, SAS Institute Inc., Cary, NC, USA).
Results

Role of QS in Biofilm Initiation and Secondary Metabolite Production.
Wild-type strain 30-84 and derivatives with mutations in genes involved in QS and phenazine production were analyzed for biofilm formation by using the microtiter biofilm assay. The amount of biofilm formed by strain 30-84 became measurable after 36 h (after cell density had reached an OD 620 9 0.8), increased with V.S.R.K. MADDULA ET AL.: QUORUM SENSING AND PHENAZINES IN BIOFILM FORMATION BY P. CHLORORAPHIS (AUREOFACIENS) time, and reached peak levels after 68-72 h (Fig. 1) . In contrast, derivatives having single mutations in either QS system, 30-84R (phzR), 30-84I (phzI), 30-84R2 (csaR), or 30-84I2 (csaI) produced significantly less biofilm than the parental strain even after 84 h (data after 72 h not shown), demonstrating that both QS systems are involved in cell adhesion. Interestingly, mutants deficient in phenazine production, strain 30-84R, strain 30-84I, and the phenazine structural mutant 30-84Z, were significantly more impaired in biofilm formation than the cell surface alteration mutants, strains 30-84R2 and 30-84I2. Double mutants in which both AHL synthases (phzI, csaI) or both transcriptional activators (csaR, phzR) were inactivated produced negligible biofilms even after 84 h, indicating that loss of both QS systems dramatically impairs biofilm formation (Fig. 1A ). There were no differences between the wild type and mutants in doubling times indicating the decrease in biofilm formation by the mutants was not a result of impaired growth (Fig. 1B) .
We also investigated the effect of complementation of the QS mutants on biofilm formation by both genetic and biochemical means using in trans expression of specific wild-type alleles and the addition of specific AHLs to the growth media. Complementation of the specific single mutants 30-84I (phzI), 30-84R (phzR), 30-84I2 (csaI), and 30-84R2 (csaR) with their corresponding wild-type alleles in trans restored the wild-type phenotypes, including phenazine production to the phzI and phzR-deficient mutants and biofilm formation by all mutants ( Table 2 ). As expected, the presence of multiple copies of the AHL synthase phzI alone significantly increased phenazine production by double synthase mutant 30-84I/I2, whereas introduction of multiple copies of the csaI synthase resulted in minimal phenazine production by 30-84I/I2. Similarly, multiple copies of the transcriptional activator phzR alone significantly increased phenazine production in the double mutant 30-84R/R2, but introduction of csaR alone resulted in minimal phenazine production. Interestingly, the presence of multiple copies of either AHL synthase alone in the double synthase mutant 30-84I/I2 improved, but did not restore, biofilm formation to wild-type levels. However, only the phzR transcriptional activator improved (but did not restore to wild-type levels) biofilm formation by the double mutant 30-84R/R2. These data further support the hypothesis that both quorum-sensing systems are involved in biofilm development by P. chlororaphis strain 30-84 and that the PhzR/I system plays a greater role.
The effect of the addition of AHL signals prepared from cell-free supernatants of either strain 30-84Ice (phzI + , csaI + , phzB0inaZ) containing both AHLs or E. coli DH5a (pUC18-csaI) containing only the CsaI product on biofilm formation by strain 30-84 and various mutants was examined by using three dosage levels ( Fig. 2A, B) . Dosage levels were prepared from culture extracts that were 0.5, 1.0, or 2 times their original concentration. Addition of both AHLs ( Fig. 2A) at the most dilute concentration (0.5Â) nearly restored biofilm formation by the phzI synthase mutants 30-84I and 30-84I/I2, but was unable to restore biofilm formation by the phzR transcriptional activator mutant 30-84R or the phenazine structural mutant 30-84Z. These results demonstrate that the exogenous AHLs specifically complemented the AHL-deficient mutants. Mutants deficient in the csaR/I system (but with an intact phzR/I system) were only slightly reduced in cell adherence compared to wild type, and produced significantly more biofilm when both AHLs were added (data not shown). Addition of both AHLs at a 2Â concentration still failed to restore biofilm formation by the transcriptional activator mutants 30-84R or the phenazine structural mutant 30-84Z (data not shown). As expected, addition of the CsaI product alone (Fig. 2B) improved biofilm formation by single AHL synthase mutants, but was unable, even at the highest dosage (2Â), to restore biofilm formation by the phzI mutant (30-84I) to wild-type levels. The CsaI product alone also failed to improve biofilm formation by the double AHL synthase mutant 30-84I/I2 or the transcriptional activator mutants 30-84R, 30-84R2, or 30-84R/R2. These findings further demonstrate that the exogenous AHL specifically complemented AHL-deficient mutants, and further support the hypothesis that although some cross-communication between QS systems may occur, an intact phzR/I system is required for wild-type biofilm formation. To specifically test the role of the PhzI product on bacterial adhesion, purified HHL was added to the culture medium to final concentrations of 1, 10, 50, or 100 mM. Addition of the purified HHL product at 1 and 10 mM concentrations had no significant affect on biofilm formation (data not shown). Addition of purified HHL at 50 mM (Fig. 2C ) and 100 mM (data not shown) concentrations restored biofilm formation to all QS mutants having a functional phzR gene except the phenazine structural mutant, demonstrating that the addition of extra phzI product alone cannot restore biofilm formation to mutants that are unable to produce phenazines. Strains 30-84R, 30-84R/R2, and 30-84Z unable to produce phenazine because of either a phzR mutation or a phenazine structural mutation were significantly impaired in their ability to form biofilms compared to the wild-type strain in both microtiter plate and flow cell assays (Figs. 3 and  4) . The effect of complementation of the phenazine structural mutant strain 30-84Z on biofilm formation by both genetic and biochemical means using in trans expression of specific wild-type alleles and the addition of specific phenazines to the growth media was investigated. Complementation of the phzB mutant strain 30-84Z with cosmids containing phzR, phzI and the phenazine biosynthetic genes (pLSP259) or the phenazine biosynthetic regions alone (pLSP10-30F) in trans restored biofilm formation to wild-type levels, whereas introduction of the phzR, phzI alone (pLSP2.7) had no effect (Figs. 3A and 4) . The effect of the addition of bulk phenazines prepared from cell-free supernatants of strain 30-84 on biofilm formation by strain 30-84 and various mutants was examined by using two dosage levels (Fig.  3B) . Dosage levels were prepared from culture extracts 0.5 or 1.0 times their original concentration. Addition of bulk phenazines at a 0.5Â concentration restored biofilm formation by phzR mutant 30-84R and phenazine structural mutant 30-84Z to wild-type levels, and improved biofilm formation by the double QS mutant 30-84R/R2 (Fig. 3B) . These results are consistent with the hypothesis that phenazines play a role in bacterial attachment, but that other traits under QS control are involved in biofilm formation. There was no significant improvement in cell adhesion when phenazines were added at a higher dosage (1.0Â, data not shown). To further verify that phenazines were responsible for the effect, commercial phenazine was added to the medium at concentrations of 2.5, 12.5, and 25 mg/mL. This commercial derivative comprised the core phenazine ring structure, but lacks side-chain modifications such as carboxyl and hydroxyl groups. Additions of 12.5 mg/mL (Fig. 3C ) and 25 mg/mL phenazine (data not shown) were sufficient to improve biofilm formation by 30-84R and 30-84R/R2 QS mutants and restore biofilm formation by phenazine structural mutant 30-84Z to wild-type levels. There was no significant effect on biofilm formation compared to the untreated control at the lowest (2.5 mg/mL) dosage (data not shown).
Biofilm Formation on Wheat Seeds.
Various quorum-sensing mutants were compared with the parental strain for establishment of surface-attached populations on wheat seeds (Fig. 5A) . After thorough washing, we recovered smaller surface-adherent populations of all single quorum-sensing mutants 30-84I (phzI), 30-84R (phzR), 30-84I2 (csaI), and 30-84R2 (csaR) than wildtype populations from seed surfaces, indicating that the mutants were impaired in establishing biofilm populations on seeds. However, in the culture supernatant, bacterial populations of mutants and the wild type were not significantly different (data not shown), indicating that the survival of the mutants in the liquid culture surrounding the seeds was not impaired. Compared to the csaR and csaI mutants, the phzR and phzI QS mutants formed significantly lower populations on seeds. Consistent with the results observed in the microtiter plate assay, both double mutants 30-84I/I2 and 30-84R/R2
were dramatically impaired in adherence on seeds, with their populations on the seeds being 14-and 23-fold lower than that of the wild type (Fig. 5A) .
To determine the effects of the addition of AHL on biofilm formation on seeds, AHL extracts prepared from cell-free supernatants of 30-84Ice were added to the tubes containing M9 minimal broth and bacterial cells (Fig. 5A ). The addition of AHL extracts had no effect on the In the root experiment, total populations were determined as described in Methods. Seed and root data are the means of data from three separate seeds or four separate plants with three replicate plate counts each. Data from only one representative experiment are given. * Mutants that produce very little or no phenazine with the addition of the AHL used in the experiment. Strain 30-84 and several mutants were compared for biofilm formation on the roots of wheat plants grown 30 days in pasteurized soil (Fig. 5B) . In this experiment, roots were thoroughly washed and then rinsed with sterile water to remove solid particles and unbound bacteria. Bacterial populations that remained on the roots after washing reflect the ability of each strain to survive within adhering biofilms on roots. The highest bacterial populations (8.46 log units/g root) were recovered from the washed roots of wheat treated with the wild-type strain. Bacterial populations of double mutants 30-84I/I2 and 30-84R/R2 isolated from the roots were significantly (at least 30-fold) lower than the wild type (6.98 and 6.96 log units/g root, respectively).
To determine whether the presence of wild-type strain 30-84 could improve biofilm formation by the double mutants 30-84I/I2 30-84R/R2 on root surfaces, strains were grown independently and then mutant cells were mixed with wild-type cells at different ratios immediately prior to seed treatment. When introduced in 1:1 or even 1:9 mixtures (wild-type strain 30-84:mutant), the double quorum-sensing mutants 30-84I/I2 and 30-84R/R2 established populations on roots similar to or slightly higher than that of the wild type (Fig. 5B) . These results suggest that even when they account for only 1/10 of the starting population, wildtype cells contribute to biofilm formation by the 30-84I/I2 and 30-84R/R2 double mutants on root surfaces.
Motility Assays.
To determine if loss of biofilm formation by any of the mutants was attributable to a defect in properties associated with bacterial motility, flagella-mediated swimming and solid surface translocation assays were performed. Swimming zones formed rapidly for all strains, were not different after 16 h (Table 3) , and covered the entire surface after 20 h (data not shown). Swarming motility was unchanged in the single QS mutants (30-84I, 30-84R, 30-84I2, and 30-84R2) after 16 or 24 h as compared to the parental strain (Table 3) , and swarming zones formed by both the wild type and single quorum-sensing mutants covered the surface by 36 h (data not shown). Twitching motility was similar in the single QS mutants as compared to the wild type after 48 h (Table 3) . In contrast to the swimming assays, the double QS mutants (30-84I/I2, 30-84R/R2) were significantly reduced in swarming and twitching as compared to the wild type after 48 h.
Discussion
Two quorum-sensing (QS) systems, PhzR/PhzI and CsaR/ CsaI, were previously identified in the biological control bacterium P. chlororaphis strain 30-84. The PhzR/PhzI QS system regulates phenazine antibiotic production [30, 46] and the CsaR/CsaI QS system regulates as yet unknown aspects of the bacterial cell surface [49] . Results of the present study demonstrate that both QS systems are involved in biofilm development by P. chlororaphis strain 30-84, but that the PhzR/I system and specifically phenazine production have the greatest influence on biofilm formation. Significantly, the phenazine structural mutant phzB and the phzR and phzI mutants were impaired to similar levels in biofilm development, suggesting that loss of phenazines was responsible for the majority of the biofilm defect in the phzR/phzI mutants. Furthermore, our results show that deficiencies in biofilm production by AHL synthase mutants may be complemented by the addition of AHLs or AHL-producing strains. Genetic complementation of single QS mutants with their corresponding functional alleles also restored the wild-type phenotypes including phenazine production to the phzR/phzI mutants and biofilm formation to all mutants, indicating that their specific QS mutation was responsible for their deficiencies in biofilm production. The PhzR/PhzI and CsaR/CsaI QS systems also contribute to the ability of strain 30-84 to form tightly surface-adherent biofilm populations on both wheat seeds and roots. Similar to the results obtained in vitro, addition of total AHLs to the medium restored biofilm formation by both the phzI-and csaI-defective mutants on seeds, but not by the phzR and csaR mutants. The fact that biofilm formation by the double phzR/csaR transcriptional activator mutant was rescued by the presence of the wild-type strain suggests that AHL production by the wild type is not the primary mechanism involved. The observed improved establishment of biofilm populations on roots by the double mutants in mixtures with the wild type may be attributable to (1) initial surface binding by wild-type cells, or (2) production by the wild-type cells of a diffusible compound required for biofilm formation that is not produced by the QS transcriptional regulator mutants. One candidate diffusible compound is phenazine.
To specifically test the role of phenazines in biofilm formation, we compared biofilm formation by the phzB phenazine structural mutant and the phzR QS mutant to that of the wild type in both microtiter and flow cell assays. Both mutants defective in phenazine biosynthesis were significantly less able to form biofilms in microtiter plate assays than the wild type and formed virtually no biofilm in flow cells. Genetic complementation of the phzB mutant with the phenazine biosynthetic genes under E. coli lac promoter control, but without extra V.S.R.K. MADDULA ET AL.: QUORUM SENSING AND PHENAZINES IN BIOFILM FORMATION BY P. CHLORORAPHIS (AUREOFACIENS) copies of the phzI/phzR genes, restored biofilm formation by the phzB mutant strain 30-84Z to wild-type levels in both plate and flow cell assays. These results demonstrate that the deficiencies in biofilm production by the phenazine structural mutant were specifically attributable to loss of phenazine biosynthesis. Addition of phenazines from cell-free culture supernatants or as purified phenazine also restored biofilm formation by phenazine structural mutant to wild-type levels in microtiter plates, demonstrating that phenazines could complement the mutation. Interestingly, phenazines did not completely complement the phzR or phzR/csaR mutants, suggesting that other traits under the control of one or both of the QS systems are needed for wild-type biofilm formation.
Previous work on numerous bacteria demonstrated that QS is a global regulatory system affecting the expression of multiple genes, many of which influence aspects of biofilm development and maturation (reviewed in [29] ). Several studies have demonstrated that QS is involved in bacterial motility, which plays an integral role in biofilm maturation (reviewed in [41] ). In the present study, we found no differences between the mutants and the wild type in swimming, indicating that the biofilm defects in the QS mutants were not due to deficiencies in flagellar function. Similarly, single mutations in each QS system had little effect on twitching and swarming; however, the double QS mutants exhibited less twitching and swarming than the wild type. Although the exact mechanism(s) responsible for these defects in twitching and swarming motility in double QS mutants remain to be determined, these data suggest that PhzR/ PhzI and CsaR/CsaI may regulate biofilm formation partly through bacterial surface migration [17] .
This study is the first to report a role for phenazine production in biofilm formation. Previous work has demonstrated QS control of phenazines in bacteria [30, 43] . Phenazines are secondary metabolites that exhibit antimicrobial activity against many species of bacteria, fungi, and protozoa (reviewed in [5] ). Over 6000 phenazine derivatives produced by a variety of bacteria have been identified [19, 40] . Previous work on pseudomonads has focused on phenazines because of their roles in suppressing plant pathogens and as virulence factors during host infection. P. chlororaphis strain 30-84 produces three phenazine derivatives, phenazine-1-carboxylic acid, 2-hydroxy-phenazine-1-carboxylic acid and 2-hydroxy-phenazine [31] . Phenazine production by P. chlororaphis strain 30-84 is important for its ability to inhibit the growth of fungal plant pathogens and for its ability to persist in the rhizosphere [22, 31] . We hypothesize that phenazine antibiotics produced by P. chlororaphis serve multiple roles in the plant rhizosphere, including inhibition of other microorganisms and biofilm development on plant surfaces, which ultimately influences bacterial persistence. Although the mechanistic role for phenazines in biofilm formation remains to be determined, the inability of phenazine-deficient mutants to establish surface-adherent populations in vitro and on plant surfaces suggests that phenazines may play a role in surface attachment and/or survival in bacterial aggregations. Phenazines could contribute to biofilm development in various ways: (1) phenazines may serve as adhesins, analogous to the role of proteins and polysaccharides by Staphylococcus epidermidis [36] or the Bap protein of S. aureus [8] ; (2) phenazines may themselves serve as signals, triggering the expression of other factors important in biofilm development; (3) phenazines may play a role in survival within the aggregate bacterial community. The consequences of life in a bacterial biofilm include the accumulation of bacterial by-products and limitations in oxygen, iron, and other nutrients. Phenazine derivatives have been implicated in several bacterial traits that may facilitate survival under these conditions, including metal mineralization and extracellular electron shuttling [15] , and electron transport [1] . Previous research demonstrated that a complex web of regulatory pathways controls phenazine biosynthesis in strain 30-84 and other pseudomonads [19, 32] . Our hypothesis that phenazines play multiple roles for the producing cell in the rhizosphere may explain this complex regulation. Biofilm establishment is believed to be key step in microbial community development, structure, and survival on plants. Current work is aimed at further defining the role(s) of QS and phenazines in specific stages of biofilm establishment and growth in vitro and on plants, and ultimately, in the development of plant-associated microbial communities.
